The presence of ferrisuperoxide dismutase (FeSOD) in several bacteria has been examined by determining the coincidence of 55Fe radiolabel with superoxide dismutase activity using gel electrophoresis. FeSOD was concluded to be present in the matrix space of some gram-negative and gram-positive bacteria.
Superoxide dismutases (SOD) have been found in all of the respiring organisms thus far examined and appear to play a crucial role in minimizing the toxicity of oxygen (1, 2). Three classes of superoxide dismutases have been described, containing Cu and Zn or Mn or Fe as prosthetic metals. Escherichia coil has been found to contain two of these enzymes, one containing manganese (MnSOD) (3) and the other iron (FeSOD) (4). Exposure of this organism to oxygen caused an increase in MnSOD but not in FeSOD (5) and data suggesting that FeSOD is periplasmic and is primarily concerned with providing protection against exogenous 02 have been reported (5, 6).
Gram-positive bacteria, in contrast, have been found to contain only one SOD discernible on polyacrylamide gel electropherograms (7). Since gram-positive bacteria lack a periplasmic space it is important to determine the nature of the SOD they do contain. This could be done by purifying and characterizing the SOD from several representative gram-positive organisms. Alternatively the cells could be grown on a medium containing 55Fe, which would place a radioactive label on all iron-proteins. Extracts of these bacteria could then be resolved by acrylamide gel electrophoresis and zones of enzymatic activity and of radioactivity could be located. Coincidence of radioactivity and of SOD activity would be an indication of FeSOD. This method has been applied both to gram-negative and gram-positive organisms and the results obtained are reported below. (B) Fig. 1 . Disc gel electrophoresis at pH 9, 7.5 % acrylamide of total soluble protein preparations (except for E. coli FeSOD gel) stained for SOD activity.
MATERIALS AND METHODS
Cells (except Bacteroides fragilis) were grown in 2-liter baffle Erlenmeyer flasks containing 250 ml of medium at 37°. Aeration was maintained by agitation on gyrorotatory shaker at 220 rpm. Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus cereus, Bacillus subtilis and Corynebacterium pseudodiphtheriae were grown in nutrient broth containing 0.2 % yeast extract. Klebsiella pneumoniae and Proteus mirabilis were grown in Difco antibiotic medium Each graph shows the 65Fe content determined per 2 mm slice and those slices which exhibited SOD activity have been indicated by hatching the area under the b5Fe marker. In each graph the anodic end of the gel is at the right. A, isoelectric focussing gel; B, 7.5% acrylamide, pH 9 gel; C,15 % acrylamide, pH 9 gel. No. 3. B, fragilis cells were grown anaerobically using brain-heart infusion broth. The medium was prepared under 90% N2, 10% C02 which had been deoxygenated over heated copper. Aliquots of the culture were tested for aerobic contaminants and none were found. All media contained 1.0 mC of 55FeC13 per liter. Cells were harvested, by centrifugation, 18 hr after starting growth with a 5 % inoculum.
Cells were washed once with 0.05 M potassium phosphate at pH 7.8 and were then suspended in 5 pellet volumes of this buffer and disrupted by sonication with a Branson Model W-350 Sonifier at a power of 100 W. Power was applied intermittently (three two-minute cycles) and an ice-salt bath was used to control heating. The homogenates were clarified by centrifugation for 10 min at 27,000 x g. The supernatants were treated with 2.5 g/100 ml of streptomycin sulfate for 30 min at 25° and the precipitated nucleic acids and proteins were removed by centrifugation for 10 min at 27,000 x g. Ammonium sulfate was added to the rig. resultant supernatant fluids to 95 % saturation and the precipitated proteins were then stored under ammonium sulfate at 0-4° until needed. Prior to analysis all samples were dialyzed for 15 hr in the cold against 0.05 M potassium phosphate at pH 7.8. SOD activity in solution was estimated in terms of its ability to inhibit the autooxidation of pyrogallol (8). Protein concentrations were determined by Lowry procedure (9). FeSOD was isolated from E. coli by an established method (4). Polyacrylamide gel electrophoresis was performed on both 7.5 % and 15 % gels at pH 9 on a Buchler Instruments Corporation apparatus at a current density of 3 mA per tube. Isoelectric focussing in the pH range of 3-10, on 7.5 % polyacrylamide gels, was accomplished on the same instrument at 400 V for 18 hr (10). SOD activity was localized on the gels by an activity stain dependent upon a Table 1 presents the SOD activities found in the organisms studied. A wide range of specific activity is apparent. Thus K. pneumoniae had 15 times more SOD than B. fragilis. K. pneumoniae is an obligate aerobe and thus has a need for an efficient defense against oxygen toxicity. It would be of interest to attempt a correlation of rates of respiration with SOD content. Figure 1 illustrates the patterns of SOD activities visualized by activity staining of acrylamide gels. The gram-negative organisms tended to have multiple bands of activity and exhibited very different electrophoretic mobilities from organism to organism. In contrast, the extracts from gram-positive bacteria exhibited a single rig. b. major band of SOD, whose position on the gels was constant from organism to organism. It was anticipated that all of these organisms would contain multiple iron-containing proteins and therefore would show several zones of 55Fe radioactivity on acrylamide gels. This multiplicity of bands raised the possibility that concurrence of zones of radioactivity and of SOD activity might occur by chance. To minimize such statistical coincidence each extract was analyzed after resolution by electrophoresis on both 7.5 % and on 15 % gels and by isoelectric focussing on 7.5% gels.
Figures 2 through 5 present the data obtained with gram-negative bacteria. B. fragilis (Fig. 2) exhibited two bands of SOD activity which coincided, under all conditions of resolution, with zones of radioactivity. We conclude that both of the superoxide dismutases in this organism contain Fe. P. mirabilis (Fig. 3 ) and K. pneumoniae ( Fig. 5 ) also had two superoxide dismutases but only one of these isozymes appeared to be a FeSOD. P. aeruginosa (Fig. 4) had only a single SOD and it behaved like a FeSOD.
Figures 6 through 9 present the results obtained with gram-positive bacteria. The single SOD in B. subtilis (Fig. 6 ) and in B. cereus (Fig. 9) was, in both cases, a FeSOD. In the case of B. cereus 50% of all of the radioactivity recovered from the acrylamide gels was found under the zone of SOD activity. Thus FeSOD accounted for fully half of all of the iron-proteins in B. cereus. The remaining grampositive bacteria, C. pseudodiphtheriae (Fig. 7) and S. aureus (Fig. 8) also had a single band of SOD but it did not contain iron and was therefore probably MnSOD, in both cases.
DISCUSSION
It is clear that FeSOD cannot be restricted to the periplasmic space in all bacteria. Indeed it appears unlikely that it is restricted to that space even in gramnegative bacteria. Thus, there were gram-negative bacteria both of whose superoxide dismutases were varieties of FeSOD viz. B. fragilis and others, such as P. aeruginosa, whose only SOD was FeSOD. Since these organisms contained only FeSOD and since it is unlikely that their matrix spaces were devoid of SOD, we conclude that they probably contain FeSOD in the matrix space. Similarly there were gram-positive organisms whose only SOD was FeSOD, such as B, subtilis and B. cereus, and others such as C. pseudodiphtheriae and S. aureus whose only SOD was devoid of iron and therefore most likely MnSOD. It follows that grampositives exist with FeSOD in their matrix space and others with MnSOD. It is clear that the distribution and evolutionary history of the superoxide dismutases is more complex than was previously supposed (1, 2).
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